To discover the underlying mechanisms involved in the beneficial long-term effects of angiotensin converting enzyme (ACE) inhibitors, we investigated the systemic and peripheral effects of short-and long-term ACE inhibition in patients with chronic heart failure. After assessing the short-term effects and dose titration with cilazapril, a new long-acting ACE inhibitor, 21 patients were randomized to receive either placebo or the ACE inhibitor. Seventeen patients completed the 3-month treatment. Central hemodynamic output, femoral blood flow (measured by thermodilution), oxygen saturation, and lactate and norepinephrine levels were determined simultaneously in the femoral vein and radial artery during treatment and after a 3-month rest and during symptom-limited bicycle exercise. Short-term ACE inhibition improved rest and exercise hemodynamic output, but it did not alter peak femoral blood flow, calculated leg oxygen consumption, or systemic oxygen uptake during exercise, despite significant reduction in femoral norepinephrine extraction and arterial angiotensin levels during exercise. In contrast, long-term ACE inhibition further improved exercise cardiac output and increased leg blood flow (from 2.3 to 2.9 1/min, p < 0.05), leg oxygen consumption (from 277 to 403 ml/min, p < 0.05), and systemic oxygen uptake (from 1,133 to 1,453 ml/min, p <0.05), whereas these variables remained unchanged with placebo treatment (p < 0.02 between groups). Moreover, a moderate but significant increase in femoral oxygen extraction occurred after long-term therapy (ACE inhibitor: from 76% to 83%,p < 0.05; placebo: from 75% to 74%, NS; p < 0.01 between groups). We conclude that long-term ACE inhibition is clinically beneficial in that it improves blood flow to skeletal muscle during exercise over time. The long-term effects of ACE inhibition are, in part, probably related to peripheral (vascular) mechanisms, for example, by reversing the inability of peripheral vessels to dilate and by improving oxygen utilization. (Circulation 1989;79:491-502) 
peripheral vessels to dilate in response to vasodilator stimuli. [9] [10] [11] Peripheral flow and metabolism during exercise by long-term ACE inhibition12 may be improved over time by interference of ACE inhibition with the renin-angiotensin system (reducing circulating and vascular angiotensin II levels), plasma prostaglandins E and I, the sympathetic nervous system, or by reduction of vascular sodium content. This would, in turn, improve oxygen availability of working muscle and finally would improve systemic oxygen consumption.
Moreover, these and other mechanisms of longterm ACE inhibition (i.e., less dyspnea by reduction of left ventricular filling pressure) may increase exercise training capability and, thereby, improve oxygen extraction and reverse intrinsic abnormalities of working muscle. In a double-blind, placebocontrolled manner, this study investigates the systemic and peripheral effects of short-term and long-term ACE inhibition in patients with chronic heart failure. To gain insight into the mechanisms underlying the beneficial long-term effects of ACE inhibitors, systemic and peripheral hemodynamic output and short-term and long-term metabolic responses to ACE inhibition were measured and the symptoms were assessed objectively.
A new, very potent, and long-acting ACE inhibitor, cilazapril, was used13,14 that allows a oncedaily administration. Cilazapril, a monoethyl ester prodrug,13 had a rapid onset (within 1 hour), a prolonged duration (up to 8 hours), and a peak effect between 2 and 6 hours in normal individuals and patients with hypertension and heart failure.14-16 Methods 
Patients
Twenty-one patients with chronic heart failure (New York Heart Association [NYHA] functional Class II and III) and a left ventricular ejection fraction less than 45% (see also baseline echocardiography data) were studied after giving written, informed consent to a protocol approved by the Ethical Committee of the University of Freiburg, Freiburg, FRG. After baseline studies (predrug measurements and after short-term drug administration), the patients were randomized into two groups to receive either cilazapril or placebo. This study provides the results of those seventeen patients that underwent short-and long-term (systemic and peripheral) hemodynamic studies. Four patients did not complete the 3-month trial. One patient suffered from myocardial infarction and died from cardiogenic shock. One patient was taken off the trial medication because of an increase in body weight (both placebo groups). The condition of one patient on active treatment deteriorated, and he was recommended for heart transplantation, and another experienced unexplained dyspnea and, therefore, was withdrawn from the study.
All patients had clinical, radiologic, or echocardiographic signs of cardiomegaly and congestive heart failure despite treatment with digitalis or diuretics or both and, in nine patients, other vasodilators. Patients with chronic lung disease, primary valvular heart disease, angina, claudication, and myocardial infarction within 3 months or systemic arterial hypotension or both (systolic blood pressure < 100 mm Hg) were excluded. Preliminary assessment was made 2-4 weeks before the study. Previous treatment with isosorbide dinitrate or nifedipine or both of seven patients (four patients randomized to receive placebo and three to receive cilazapril) was discontinued 5-7 days before study. In two patients (one each in the placebo and cilazapril group), captopril therapy was stopped 4 weeks before study. One patient with borderline systolic pressure (100-105 mm Hg) received a 12.5-mg captopril test dose 1 week before the study. There were no differences in drug effects between patients pretreated with these vasodilators and those without pretreatment. Patients were hospitalized at least 3 days before the study, and their conditions were stabilized while receiving constant doses of digitalis and diuretics. However, diuretics were withheld for at least 12 hours before hemodynamic measurements were made until short-term hemodynamic evaluation was completed.
To qualify for inclusion, each patient underwent a prestudy assessment with supine bicycle exercise. The workload began at 25 W and advanced by 25 W every 3 minutes until the patient was exhausted. According to this protocol, patients had to be able to exercise for at least 3 minutes at a workload of 25 W or at a maximal workload of 75 W and to achieve an endpoint consistent with heart failure, dyspnea, or fatigue (symptom-limited maximal exercise response). This qualifying assessment of maximal workload and exercise time, in addition, determined the timing of measurements during subsequent exercise hemodynamic studies.
Study Design
After baseline hemodynamic measurements were obtained, patients 1-10 received a single dose of 2.5 mg cilazapril, and hemodynamic output was determined as described below. This dose was increased to 5 mg the next day (the day after obtaining hemodynamic measurements) if systolic blood pressure decreased less than 15%, provided that mean arterial pressure was greater than 70 mm Hg after the first drug administration (2.5 mg cilazapril given the day before) or no symptomatic hypotension occurred or both. In patients 11-21, 5 mg cilazapril was given as a first dose. Because the hemodynamic effects from 2.5 and 5 mg cilazapril did not differ, the short-term hemodynamic measurements are summarized irrespective of the initial dosage given. Six of the nine patients of the cilazapril group were discharged on 5 mg cilazapril daily, whereas five of eight patients of the placebo group were discharged with the 5-mg titration dose. All other patients received 2.5 mg/day during long-term therapy. The titrated dose of cilazapril or a similar amount of placebo (identical tablets) was administered in a double-blind manner once daily during a 3-month period. Patients were evaluated at the end of weeks 4 and 8 on an outpatient basis. Test dose, digoxin, and diuretics were kept constant throughout the 3-month period in all patients who completed the study.
At the end of the 3-month period, patients were admitted to the hospital again and underwent hemodynamic studies while receiving their medication in a blinded manner. The procedures for the second evaluation were identical to those of the first evaluation. Hemodynamic, metabolic, and neurohumoral variables were measured during uninterrupted therapy 1, 2, 4, and 6 hours after administration of placebo or cilazapril at rest. After the evaluation during the 6-hour resting period, measurements were obtained during exercise (at the workload identical to that during control exercise). All patients were then given the option of receiving long-term cilazapril therapy. NYHA functional class and exercise capacity were recorded before and after 3 months of therapy.
Hemodynamic Assessment
The day before hemodynamic measurements were taken, right heart catheterization with a 7F thermodilution catheter was performed. A SF thermodilution catheter (with the thermistor at 2 cm and injection port at 12 cm) was inserted into the femoral vein (approximately 4 cm distal to the groin) under fluoroscopic guidance as described by Wilson et al. 17 To position the tip of the catheter at a distance from a run-in of internal veins, contrast injections were used. The patients were monitored overnight, and low-dose heparin was perfused into the distal port of the femoral catheter. The next day, a short polyethylene catheter was inserted under local anesthesia in a radial or brachial artery, and the position in the femoral vein was checked (position corrected in two patients). Patients then rested for at least 1 hour before hemodynamic levels were measured. After baseline measurements were obtained, supine bicycle exercise was performed with the chest at a 450 upright angle. Similar to the protocol of the prestudy exercise test, exercise was performed until limiting symptoms of dyspnea or fatigue occurred (symptom-limited maximal exercise response). During exercise, the electrocardiogram and arterial and pulmonary artery pressures were monitored continuously, and pulmonary wedge pressure and cardiac output (by thermodilution) were measured twice during the last 60 seconds of each workload. In two patients, the pulmonary artery diastolic pressure was substituted for a technically unsatisfactory or unobtainable wedge pressure tracing. In these two patients, concordance between pulmonary diastolic and mean wedge pressure had been established. Femoral flow was determined at each workload as described below. Arterial and femoral vein blood samples were obtained simultaneously (at highest workload common to the control and cilazapril groups) for determination of oxygen saturation, lactate concentrations, and norepinephrine levels. In addition, blood samples drawn from the pulmonary artery were used for determining oxygen saturation and pH.
After this baseline exercise test, 2.5 or 5 mg cilazapril was administered orally, and resting hemodynamic levels were measured after 1, 2, 4, and 6 hours. After the 6-hour resting measurements were obtained, a second exercise test was done with the identical protocol; thus, the control and postdrug exercise tests were separated by at least 6 hours. Measurements were obtained at the same workload as that during the baseline study and again at peak exercise in patients who exercised further. Results are reported for workloads similar to those during the baseline measurements (Table 2-4, Figures 1-4) , except for the data in Figure 5 in which maximal values after long-term therapy were used.
Leg Blood Flow
Blood flow of the exercising leg was determined by the bolus thermodilution technique in the femoral vein (3 ml saline solution, 00 C) as described by 
Results
The characteristics of the treatment groups were not significantly different ( Table 1) . The predrug and postdrug (short-term and 3-month) measurements for the two groups are shown in Tables 2-4 . There were no significant differences in the predrug values between groups.
Short-term Effects ofACE Inhibition
Cilazapril significantly affected resting central hemodynamic values, including increased cardiac index and stroke volume and decreased systemic vascular resistance and right and left ventricular filling pressures (as estimated by right atrial and pulmonary wedge pressures) ( Table 2 ). Plasma angiotensin II levels 6 hours after cilazapril administration were reduced, indicating maintained ACE inhibition. During exercise, pulmonary wedge pressure, mean arterial pressure, and systemic vascular resistance decreased significantly with cilazapril administration (Table 2) ; likewise, cardiac output increased. Femoral norepinephrine extraction was increased; that is, femoral norepinephrine production during exercise decreased after a single dose of cilazapril. Similarly, arterial angiotensin II levels Tables 3 and 4 depict the measurements after long-term (3-month) administration of cilazapril. The cilazapril dosage was increased after shortterm hemodynamic evaluation (dose titration). Furthermore, pharmacokinetics and dynamics of cilazapril (or in general, of long-term ACE inhibition) are likely to be altered over time. Therefore, the shortterm and the 3-month measurements are not truly comparable. To determine the hemodynamic longterm effect of cilazapril, we compared the resting peak effects after short-term administration with those obtained after long-term therapy (after ingestion of the randomized active treatment or placebo). In the cilazapril group, the drug-mediated effects on blood pressure, pulmonary wedge pressure, and right atrial pressure were maintained after 3 months of therapy. Cardiac output during exercise was further increased after long-term therapy compared with the short-term drug-mediated response (shortterm: 5.0± 1.8; long-term: 5.6 ± 1.3, p < 0.05). Consequently, calculated systemic vascular resistance during exercise had decreased further (although not significantly) with long-term treatment. This con- trasts with the long-term hemodynamic effects in the placebo group. The effects of long-term cilazapril on femoral norepinephrine extraction and arterial angiotensin II levels during exercise were maintained in the cilazapril group. However, the long-term angiotensin II levels and norepinephrine extraction data were not significantly different from baseline (at rest and during exercise) in the placebo group (Table 3) . Most important, peak systemic oxygen consumption increased and femoral blood flow improved during exercise in the cilazapril group (from 15.6 to 20.0 ml/min/kg, p <0.05) but not in the placebo group (peak Vo2: from 14.1 to 14.9 ml/min/kg, NS) (Figures 1, 2, and 5) .
Moreover, femoral oxygen extraction improved slightly, but significantly, after long-term therapy in the cilazapril group only (Figure 4) 
Although numerous studies have evaluated the long-term response to ACE inhibition in patients with chronic heart failure, double-blind trials reporting short-and long-term hemodynamic effects during exercise are scarce. Webster et a123 have reported only minor changes in hemodynamic output during exercise and in exercise time after enalapril therapy for 12 weeks. More important, plasma angiotensin levels were not significantly reduced by enalapril in this study, which may indicate that ACE inhibition was incomplete. We found a significant increase in systemic cardiac output during exercise, in exercise tolerance, and in peak systemic oxygen consumption with improved NYHA class. These findings are consistent with the observations reported earlier. 1, 24 Of note, exercise cardiac output increased only slightly with short-term ACE inhibition, but further improvement was observed after treatment for 3 months. Similarly, systemic vascular resistance decreased further after long-term therapy. Peak leg and systemic oxygen consumption during exercise increased, primarily due to improved femoral blood flow and to increased oxygen extraction.
Massie et a125 reported a lack of relation between short-term hemodynamic effects of captopril and subsequent clinical responses. However, consistent with the present findings, five of their seven patients who underwent recatheterization (and study of hemodynamic levels) during long-term therapy responded clinically and showed greater beneficial changes in resting and exercise hemodynamic levels. Thus, if long-term ACE inhibitor therapy improves systemic cardiac output during exercise, it may improve femoral (muscle) blood flow and peak oxygen consumption. In fact, a close relation between blood flow to skeletal muscle per gram of tissue and maximal oxygen consumption was recently demonstrated in normal humans. 26 Similarly, the inability of the muscular vasculature to dilate adequately during exercise and to subsequent pharmacologic intervention seems an important factor limiting maximal exercise capacity in patients with chronic heart failure.10,11
Because of improved skeletal muscle blood flow, one would expect a decrease in femoral lactate production because a shift to anaerobic metabolism would be delayed in the face of an improved oxygen delivery per gram of tissue. However, femoral lactate levels did not change for the cilazapril group as a whole. Marked reductions in femoral vein lactate levels were observed in four of five patients who had a substantial improvement in femoral blood flow and peak femoral and systemic oxygen uptake. Nevertheless, leg lactate release during exercise did not change with long-term ACE inhibition. These findings may indicate that long-term ACE inhibition improves lactate clearance but may not affect lactate production in working muscle, in analogy to the hypothesis of Donovan and Brooks27 that endurance training does not affect production of lactate but does affect its clearance rate. 27 The short-term effects of ACE inhibition on femoral norepinephrine extraction and arterial angiotensin II levels (during exercise) were maintained during long-term therapy, suggesting sustained and effective ACE inhibition. Because ACE inhibition was similarly effective after short-and long-term therapy, the contrasting short-and long-term effects of ACE inhibition cannot be solely related to these neurohumoral alterations. However, there is now increasing evidence that a vascular renin-angiotensin system is operative.28 The importance of the tissue renin-angiotensin system, rather than its plasma counterpart, in determining the long-term blood pressure response to ACE inhibition has been demonstrated by several investigators.29,30 One may speculate, therefore, that excess vascular reninangiotensin activity increases vascular tone in chronic heart failure. Long-term, but not shortterm, therapy may effectively interfere with the local tissue renin-angiotensin system. This may account, in part, for the delayed effect of cilazapril on skeletal muscle blood flow. Alternatively, or in addition, the improved femoral blood flow after long-term therapy could be due to beneficial effects of ACE inhibition on renal function and sodium balance of the vascular wall. An intrinsic defect in the skeletal muscle vasculature of patients with heart failure, such as increases in vascular sodium content, that interferes with the delivery of nutritional flow has been proposed.9 After long-term ACE inhibition with captopril, a decrease in abnormal cellular permeability to sodium has been shown to occur in hypertensive rats.31 Thus, by analogy, the delayed effect of captopril in chronic heart failure may be attributed to the latter effects of the drug. Similarly, a delayed reversal of impaired vasodilation was recently reported in congestive heart failure after heart transplantation. This impaired vasodilation may be secondary to deconditioning of blood vessels. 32 Interestingly, improved cardiac output, for example, with short-term administration of dobutamine or dopamine, does not increase blood flow to exercising muscle but rather may increase shunt flow to nonmetabolically active tissues.33,34 Because femoral flow increased only after long-term ACE inhibition and because cardiac output was improved further with long-term ACE inhibition compared with short-term, it is hypothesized that the beneficial effect of long-term ACE Mancini et al.12 Heart failure was less severe in the present study as judged from ejection fraction, peak oxygen consumption, and maximal work load achieved. In more severe heart failure, oxygen extraction by the exercising muscles is near maximal,40 which clearly indicates a limitation to the benefits of physical training and drug therapy. In contrast, in a preliminary report on exercise conditioning for 6 months, a significant increase in arteriovenous oxygen difference was observed in patients with moderate heart failure.41 Recent studies with nuclear magnetic resonance spectroscopy indicated abnormal metabolism of skeletal muscle that is not primarily due to either muscle atrophy or impaired flow. 8, 42 Although these metabolic studies with spectroscopy do not identify the underlying mechanism, they strongly suggest an intrinsic muscle abnormality or a shift to glycolysis, for example, a different pattern of muscle fiber type recruitment (and consequently altered perfusion pattern). We recently reported such a redistribution of blood flow within working muscle in a rat model of chronic heart failure.43 Ultrastructural analysis of skeletal muscle obtained by needle biopsy suggested that oxidative capacity of skeletal muscle is significantly reduced in patients with severe heart failure. 44 It is tempting to speculate that long-term ACE inhibition improved oxidative capacity of skeletal muscle, which was indicated by improved oxygen extraction of working muscle in the present study. Combined improvement in femoral blood flow and in physical activity (thereby exerting a training effect) could account for this increased peripheral oxygen extraction and oxidative capacity of working muscle. Several effects of long-term ACE inhibition may increase physical training capacity, such as the pulmonary vascular response, reduction of increased cost of respiration during heart failure,45 decreased filling pressures as observed in some studies.1,24,46 and increased cardiac output. Indeed, the systemic and peripheral effects of long-term ACE inhibition strongly resemble those recently observed in patients with heart failure after 6 months of endurance training.4' An increased mitochondrial content, known to be a fundamental adaptation to endurance training,47 is likely to increase oxygen exchange (or oxygen extraction) between the capillaries of skeletal muscle, for example, by decreasing the distance for oxygen diffusion. 48 Furthermore, such an adaptation would improve aerobic metabolism during exercise. Clinical studies have shown that oxygen consumption during each level of exercise is significantly reduced when compared with normal subjects.6,10 In the present study, long-term ACE inhibition increased oxygen consumption at similar workloads during exercise (compared with baseline exercise), suggesting again that ACE inhibition indeed caused beneficial effects in working muscle, which may be, in part, due to increased exercise training.
In Summary
The present study suggests that the beneficial clinical long-term effects of ACE inhibitors are related to peripheral mechanisms. Long-term ACE therapy appears to reverse, in part, some of the abnormalities of the peripheral circulation in patients with heart failure, that is, the inability of vessels to dilate adequately during exercise. Moreover, longterm ACE inhibition may improve oxygen utilization of working muscle, possibly due to increased exercise training.
